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Hormesis refers to a biphasic intensity-dependent response to stressors where low-intensity or short-duration exposure to potentially noxious stressors induces long-lasting adaptations that have positive physiological effects [1] . It was proposed that life-extending interventions, such as calorie restriction, retard aging via their hormetic action [2] . More recently, it was shown that a transient burst of reactive oxygen species is required to induce the effects of calorie restriction [3] , physical exercise [4] , inhibition of the insulin/IGF-I pathway [5] and metformin [6] . We have previously shown that partial inhibition of complex I of the respiratory chain by a low dose of the poison rotenone (ROT) administered in middle age increases the lifespan and reverts the transcriptomic signature of aging in a vertebrate species [7] , an example of a hormetic effect.
Here, we asked whether ROT treatment started at young age induces larger effects on life-span and transcriptome.
As an experimental model, we used the short-lived fish Nothobranchius furzeri that has become a model of choice to test effects of life-long intervention in vertebrates [8] - [11] . The strain (MZM-0410) used in the present study reaches sexual maturity at about 4 weeks post hatch (wph), has a median lifespan of around 30 wph [7] and expresses conserved transcriptomic signatures associated to vertebrate aging [12] . Fish were treated with ROT at a concentration of 0.1% LC50 (15-20pM) starting at age 5 wph. This concentration of ROT was shown to induce life extension when treatment started at 23 wph [7] . This experiment ran in parallel with the experiment described by [7] in order to exclude differences in the experimental conditions. Treatment with ROT starting in young age (5 wph) resulted in life-shortening (p=0.0467, Log-rank test, Fig 1) . In order to obtain a global evaluation of the effects of ROT treatment, we performed RNA-seq analysis on brain, liver and skin after 4 weeks of treatment (age of analysis 9 wph). We then compared the effects of ROT with the effects of aging on global gene expression visualized as 2D scatterplots of log2(fold changes) in the two conditions. A clear positive correlation was observed in all three tissues, indicating that ROT treatment at young ages shifts the transcriptome towards a pattern that is more typical of older ages. We then compared the effects of ROT at the two different ages and observed a strong negative correlation in all three tissues, indicating that the differentially expressed genes are more likely to be regulated in opposite directions by ROT in young and old animals.
We then performed a meta-analysis to identify GO categories that are enriched in genes regulated in opposite directions by ROT depending on age. Genes up-regulated in young and downregulated in old fish were enriched in several different categories (Fig 2G) , genes up-regulated in terms related to biosynthesis and trafficking of RNA, proteins and ribonucleoprotein complexes as well as stress responses such as ER stress and p53 pathway (Fig 2H) .
In summary, our work shows that a mild increase in mitochondrial ROS production has radical different outcomes in the context of an old and a young organism. A similar age-dependent antagonistic action was previously reported for what concerns the effects of mitochondrial catalase overexpression on heart protein turnover [13] and appears as a "reverse" antagonistic pleiotropism [14] .
MATERIAL AND METHODS
Materials and Methods are available in the Supplements.
DATA AVILABILITY
For this work a subset of the dataset GSE66712 (already used in [18] ) and the three datasets GSE103804, GSE103809 and GSE103819, have been analysed. Please refer to supplementary Table S1 : Overview of GEO data sets and files Number of genes whose regulation is plotted in (B),(D) and (F) is 2898, 6401 and 5359, respectively.
(G,H) GO overrepresentation analysis for genes that are (G) up-regulated in old and downregulated in young or (H) up-regulated in young and down-regulated in old. Graphs were generated by REVIGO and represent multidimensional scaling using a measure of semantic dissimilarity. Each dot represents a single GO category that is significantly overrepresented (FDR < 0.05). The distances between dots are inversely related to the similarity of the different categories. Ellipses in (H) represent clusters of highly similar GO categories.
[12] P. Aramillo Irizar et al., "Transcriptomic alterations during ageing reflect the shift from cancer to degenerative diseases in the elderly.," Nat. Commun., vol. 9, no. 1, p. 327, Dec.
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MATERIALS AND METHODS

Fish maintenance
In this paper, the N. furzeri strain MZM-0410 [1] was studied. Animal maintenance was performed as described [1] , [2] . The same setup was used for all experiments and animals were raised on a rolling base. To avoid effects of circadian rhythms and feeding, animals were always sacrificed at 
Rotenone treatment
Rotenone is a natural toxin produced by several tropical plants. It is a highly specific metabolic poison that affects cellular aerobic respiration, blocking mitochondrial electron transport by inhibiting NADH ubiquinone [3] . Rotenone is highly toxic to fish, with median lethal concentration in water (LC50) commonly between 5 and 250 nM. Individual species sensitivities vary widely, with salmonids most sensitive and goldfish, carp and bullhead catfish least so [4] . Reasons for such variation in sensitivity may reside in differences in the levels of liver enzymes responsible for the chemical breakdown or detoxification of Rotenone [4] .
For the determination of Rotenone lethality in N. furzeri, Rotenone was dissolved in DMSO at a working concentration of 1 mM. In groups of 10 fish (tank size of 5 L and standard water conditions) we tested lethality within 96 hours as described in Baumgart et al., 2016. LC50 96h for N. furzeri was determined to be 20 nM.
N. furzeri were housed in groups of 15 animals in 40 L tanks with standard water conditions. Rotenone dissolved in DMSO or equal amounts of pure DMSO was added to final concentrations of 20 pM. Treatment started when the fish reached the age of 5 weeks (young group) or 23 weeks (old group). Water quality was maintained by 30% water change twice per week and fresh Rotenone and DMSO was added to the tanks. After 4 weeks, 5 animals of each group were sacrificed and RNA was extracted from brain, liver and skin tissues. The remaining animals were treated until end of life and each death was recorded to plot survival curves. GraphPad Prism 7.01 was used to plot survival curves and to calculate p-value (Log-rank test).
alignment files were processed using featureCounts v1.4.3-p1 [7] and the respective GTF gene annotation file.
Identification of DEGs
Please note that all analyses were performed using R (version 3.5.1) [8] and R-Studio (version 1.1.456) [9] . Starting from the raw counts the log2FCs for all genes were estimated -for each tissue separately -in the three conditions "old vs. young DMSO treated animals", "Rotenone vs.
DMSO treated young animals" and "Rotenone vs. DMSO treated old animals" using DESeq2
(version 1.20.0) [10] .
The effect of two different conditions on the gene expression profiles were visualized by plotting on the Cartesian plane the log2FC in the two conditions. Please note that only the genes that are differentially expressed (adjusted p-value<0.05) in at least one of the two conditions were shown.
For each plot the Spearman correlation coefficient rS [11] was estimated (p-value<2.2e-16) and its value -rounded to 3 decimal places -shown in the plots. The number of genes present in each quadrant is also shown in the corresponding corners.
Gene Enrichment Analysis
For each quadrant of the plots described in the previous section an over representation analysis (ORA) was performed with the R package of WebGestalt (version 0.1.1) [12] using the human orthologs of the genes contained in them. The categories of the GO database [13] , [14] that contained at least 5 genes were considered, and the p-values were corrected for multiple comparisons through the FDR method described in [15] .
The categories that are enriched in a quadrant, independently from the considered tissue, were identified through meta-analysis using Fisher's method [16] , and the obtained p-values were corrected for multiple comparisons through the FDR method described in [15] . Finally, the categories with adjusted p-value<0.05 were visualized using REVIGO [17] , a method that removes redundant categories and visualizes the remaining representative ones based on their sematic similarity.
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